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Introduction:  The  overall  goal  of  this  project  was  to  better  understand  the  structure/function 
relationship  of  antifreeze  proteins  from  the  overwintering  larvae  of  the  beetle  Dendroides 
canadensis.  These  are  the  most  active  antifreeze  proteins  that  have  been  described.  When  the 
project  was  begun  the  complete  sequence  of  one  of  these  proteins  was  known,  as  was  the  partial 
sequence  of  three  others. 

1  Molecular  Characterization  and  Sequencing  of  Dendroides  canadensis  Antifreeze 
Proteins.  The  deduced  amino  acid  sequences  of  13  different  antifreeze  proteins  were  determined 
from  cDNA’s  and  in  some  cases  from  peptide  sequencing.  The  mature  proteins  consist  of  12' 
and  1 3'  mer  repeat  units  with  the  consensus  sequence  consisting  of  Cys-Thr-XrSer-XsOQ-Cys- 
XrX9-Ala-Xu-Thr-Xl3  where  X3  and  Xu  tend  toward  charged  residues,  X5  toward  threonine  or 
serine,  X6  toward  asparagine  or  aspartate,  X9  toward  asparagine  or  lysine  and  X13  toward  alanine. 

The  most  interesting  feature  of  these  proteins  is  that  throughout  the  length  of  the  proteins  every 
sixth  residue  is  a  cysteine.  The  sequence  of  DAFP-1,  the  most  abundant  of  the  Dendroides 
antifreeze  proteins,  is  shown  in  Figure  1.  The  various  DAFPs  are  quite  similar  to  one  another, 
the  major  difference  being  that  of  size,  due  to  variation  in  the  number  of  repeat  units  (7  to  1 1). 
However,  while  some  DAFPs  are  very  similar  (DAFPs  1  and  2  differ  at  only  two  residues), 
others  have  much  less  sequence  homology.  Figure  2  provides  the  aligned  sequence  of  all  13 
DAFPs. 

The  initial  peptide  sequencing  of  the  DAFPs  was  not  productive  because  the  N-terminus  of  the 
DAFPs  was  blocked,  and  the  identification  of  the  N-terminus  was  not  possible  from  the  cDNA’s 
because  of  the  presence  of  a  signal  peptide.  Considerable  effort  demonstrated  that  the  N- 
terminus  is  pyrogutamine. 

The  specifics  of  the  DAFP  sequence  information  and  related  information  is  contained  in  Duman 
et  al.  1998  and  Andorfer  and  Duman  2000. 

2.  Disulfide  Bridge  Mapping.  As  noted  above,  every  sixth  residence  in  the  various  DAFPs  is  a 
cysteine.  These  are  completely  conserved  in  all  the  13  DAFPs.  Therefore,  it  was  important  to 
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determine  whether  these  cysteines  are  disulfide  bridged,  and  if  so  which  are  involved.  Figure  3 
shows  these  linkages  for  DAFP-1.  Note  how  the  structure  provided  by  the  disulfide  bridges 
position  serine,  and  certain  threonine,  residues  on  one  side  of  the  protein  (toward  the  bottom  of 
Figure  3).  The  hydroxyl  side  chains  of  these  residues  are  thus  in  position  to  bind  to  ice,  a 
requisite  for  the  antifreeze  activity  of  the  DAFPs.  This  disulfide  bridge  mapping  information 
was  published  in  Li  et  al.,  1998a. 

Figure  4  gives  the  sequence  of  the  various  DAFPs,  showing  only  those  residues  which  are 
completely  conserved  in  all  13  DAFPs.  Thus,  these  residues  are  likely  to  be  quite  important  for 
the  function  of  these  antifreeze  proteins.  This,  and  related  information,  is  soon  to  be  published  in 
a  review  on  insect  antifreeze  proteins  (Duman,  2000). 

3.  Secondary  structure  of  DAFPs.  The  secondary  structure  of  the  DAFPs  was  determined  using 
infra-red  and  circular  dichroism  (CD)  spectroscopies.  The  disulfide  bridges  impose  significant 
constraints  on  potential  secondary  structural  features  (i.e.,  a  number  of  three-residue  y-tums) 
which  may  lead  to  unusual  infrared  and  CD  spectra  that  require  special  interpretation.  At  25  0  C 
the  DAFPs  contain  -46%  6-sheet,  39%  turn,  2%  helix,  and  13%  random  structure.  In  the 
presence  of  ice  there  is  a  slight  increase  in  helix  and  6-sheet  structures  and  a  decrease  in  both 
turn  and  especially  random  structures.  This  change  in  the  presence  of  ice  may  reflect  a  certain  * 
amount  of  flexibility  in  the  DAFP  structure.  These  structural  changes  may  permit  an  improved 
lattice  match  between  the  DAFPs  and  ice,  a  requisite  for  the  noncolligative  freezing-point¬ 
depressing  activity  of  the  DAFPs  (Li  et  al.,  1998b). 

4.  Enhancement  of  Dendroides  antifreeze  protein  activity  by  solutes  of  low  molecular  mass. 
Generally,  the  magnitude  of  the  antifreeze  protein  activity  (also  known  as  thermal  hysteresis) 
depends  on  the  specific  activity  and  the  concentration  of  the  antifreeze  protein.  However, 
previous  work  (Wu  and  Duman,  1991)  has  shown  that  the  activities  of  D.  canadensis  AFPs  were 
enhanced  by  the  presence  of  certain  proteins.  Work  funded  by  this  grant  demonstrated  that,  in 
addition,  several  low-molecular-mass  solutes  enhance  the  thermal  hysteresis  activity  of  DAFPs. 
The  most  active  of  these  is  citrate,  which  increases  the  thermal  hysteresis  nearly  sixfold  from  1.2° 


C  in  its  absence  to  6.8 0  C.  Solutes  which  increase  activity  approximately  fourfold  are  succinate, 
malate,  asparate,  glutamate  and  ammonium  sulfate.  Glycerol,  sorbitol,  alanine  and  ammonium 
bicarbonate  increased  thermal  hysteresis  approximately  threefold.  Interestingly,  0.5  M  sodium 
sulfate  eliminated  activity.  Solute  concentrations  between  0.25  and  1  M  were  generally  required 
to  elicit  optimal  thermal  hysteresis  activity. 

Glycerol  is  the  only  one  of  these  enhancing  solutes  that  is  known  to  be  present  at  these 
concentrations  in  overwintering  D.  canadensis,  and  therefore  the  physiological  significance  of 
most  of  these  enhancers  is  unknown.  The  mechanism(s)  of  this  enhancement  is  also  unknown 
(Li  etai,  1998c). 

5.  Expression  of  D.  canadensis  DAFPs.  All  of  the  above  described  work  was  done  on  natural 
proteins  purified  from  D.  canadensis.  A  primary  objective  of  this  study  was  to  express  the 
various  cDNA  clones  of  these  AFPs  to  provide  a  more  ready  source  of  proteins  for  study. 
However,  the  initial  attempts  at  expression  using  a  yeast  (Picchia)  system  were  not  successful. 
Large  amounts  of  protein  were  produced,  but  it  was  not  active,  presumably  because  it  was  not 
folded  properly.  Recently  an  E.  coli  bacterial  expression  system  (pET,  Novagen)  has  been 
successfully  used  to  express  certain  DAFPs  (1,  2,  4,  8,  9,  10)  in  active  form.  However,  although 
the  other  seven  antifreeze  proteins  are  produced  in  large  amounts,  they  are  not  active. 
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Figure  Legends 


Figure  1.  Sequence  of  Dendroides  antifreeze  protein  -1  (DAFP-1)  showing  the  seven  12-  or  13- 
mer  repeating  units  comprising  the  mature  protein.  Note  that  the  amino  terminus  is 
pyroglutamine. 

Figure  2.  Sequences  of  the  13  DAFPs  showing  the  repeating  units. 

Figure  3.  Sequence  of  DAFP-1  showing  the  locations  of  the  disulfide  bridges.  Letters  at  the  top 
designate  the  various  repeats. 

Figure  4.  Consensus  sequence  of  all  13  DAFPs  showing  the  locations  of  disulfide  bridges.  Only 
positions  having  complete  identity  in  all  13  DAFPs  are  indicated.  Numbers  designate  the 
cysteine  residues  involved  in  disulfide  bridges.  Letters  at  the  top  indicate  the  various  repeats. 
Length  heterogeneity  and  c-termini  beyond  proline  (where  present)  are  not  indicated. 
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POSITION 

1  2  3  4  5  6  7  8  9  10  11  12  13 

1  pQCTGCSDCRSCTVS 

2  pQCTGGS  DCRSCTVS 

4  pQCT  GGS  DCQS  CT  VS 

6  QCTGGSDCSSCTVS 
13  QCTGGSDCQSCTVS 

A  8  QCTGGSDCSSCTGA 

9  QQCTGGSDCSSCTVA 

10  QECTGGSDCSSCTVA 

11  ECTGGSDCRSCTAA 

3  QCTGAPDCSACTTA 

5  VCTGGPNCNACTTA 

7  VCTGGGNCS  ACTTA 

12  VCTGGPNCNACTTA 

1  CTDCQNCPNARTA 

2  CTDCQNCPNARTA 

4  CTDCQNCPNARTA 

6  CTNCQNCPNARVA 

13  CTDCQNCPNARTA 

B  8  CTTCRNCPNAMTA 

9  CTDCQNCPNALI  A 

10  CTNCQNCPNALT  A 

11  CTSCQNCPNARSA 

3  CTDCVNCP  NALT  A 

5  CTNCI  NCPNALLA 

7  CTNCVNCPNALLA 

12  CTNCI  NCPNALLA 


1 


4  . 

6  . 

13  . 

C  8  . 

9  . 

10  . 

11  CTGS  TVCHKAQT- 

3  . 

5  . 

7  . 

12  . 

1  . 


4  . 

6  . 

13  . 

D  8  CTGSTGCYRATT- 

9  CTDSTNCYQAMT- 

10  CTDS  TNCYKATT- 

11  CTGSTGCYNAMT- 

3  . 

5  . 

7  . 

12  . 

1  CTRSSNCl  NALT- 

2  CTRS  S  NCNNALT- 

4  CTGSSNCINALT- 

6  CTGSTNCINALT- 

13  CTGS  S  NCI  NALT* 

E  8  CTRS  S  ECNNAVT- 

9  CTRSTMCNGALT- 

10  CTRSTMCNGAVT- 

1!  CTRS  S  ECNNAQT- 

3  CTRS  TNCYKAVT- 

5  CTDSTNCLKAVT- 

7  CTDSTKCMKAVT- 

12  CTDS  TNCLKAVT- 


1  2  3  4  5  6  7  8  9  10  11  12  13 

CTDS  YDCHNAET- 
CTDS  YDCHNAET- 
CT  DS  HDCHNAET- 
CTDS  HDCHNAET- 
CTDS  HDCHNAET- 
F  CTGS  YDCYNAAT* 
CTDS  YDCFNADT  - 
CTDS  YDCFNAET- 
CTGS  HDCHNAQT- 
CTKSYDCYKAVT- 
CTRSTKCNKAVT- 
CT  RSTKCNKAVT- 
CTRSTKCNKAVT- 

CTRSTNCYKAKT- 
CTRSTNCYKAKT- 
CTRSTNCYKAKT- 
CTRS  TNCYKAKT- 
CTRSTNCYKAKT- 
G  CT  GSTNCYKATT- 
CTRSTNCYT  AKT- 
CTGSTNCYTAKT- 
CTGS  YDCYNATT- 
CTDSTNCYEATA- 
CTNSSDCFKAVT- 
CTNS  S  DCYKAVT- 
CTNS  S  DCFKAVT- 

CTGSTNCYEAT  -  A 
CTGSTNCYEATTA 


H  CTGSTNCYEATTA 
C  T  Cr-S-  TNCYEAT  -  A 
CTGSTNCYEAT  -  A 
CT  GS  TNCYRATT- 


CTGSTNCYKAKS- 

CTGSTNCYKAKS- 

CTGSTNCYKAKN- 


CT  GSTNCHRAT  -  A 


C  A  A  S  T  N.C  F  E  A  T  T  S 
CTGSTNCYEATTA 
CAGSTNCFEATTS 

CTDSTGCP . 

CTDSTGCP . 

CTDSTGCP . 

CTDSTGCP . 

CTDSTGCP . 

J  CTDSTGCP . 

CTDSTGCPS  S  AS  VKQIK 
CTDSTGCPSS  VS  VKHIK 
CTGSTGCPGSGA- 
CT  NS  TGCP  P  S  AYIHQIN 
CVNSTGCPPP*  -  - 
CVNSTGCPP  -  -  -  - 
CVNSTGCPP  -  -  -  - 


DAFP-1 


